Strain and crystallographic orientation effects on interband optical matrix elements and band gaps of [11l] oriented IIIV epilayers J. Appl. Phys. 78, 2447 (1995) Interfacial elastic strain induced by the lattice parameter mismatch between epilayer and substrate results in significant energy-band-gap shifts for HI-V alloys. The epilayers used in this study are Ga,)n,_ xAs on (100) InP and GaxIn,_xP on (100) GaAs prepared by organometallic vapor phase epitaxy. For layer thicknesses between 1 and 1.5 pm, and ..:1a sf .la o <3.5 X 10-3 the misfit strain is assumed to be accommodated elastically. The energy-band-gap shifts are determined by comparing the photoluminescence peak energies of the epilayers with the best experimental relation of band gap versus composition for un strained layers. A calculation of the energy-band-gap shift due to biaxial stress made for Ga x In, _ x As is found to agree with the photoluminescence measurements. In addition, a comparison of the energy-band-gap shift for Ga x In, _ x P shows a clearly different dependency for tensile and compressive strain, in good agreement with calculated results.
INTRODUCTION
III-V compound semiconductors have been increasingly important during the last decade as materials for optoelectronics and high-speed device applications. Some of the favorable properties in comparison with group IV semiconductors are direct band gap, high mobility, and the ability to form ternary and quaternary al1ioys. They offer a new area of novel device structures such as multiquantum well (MQW) light-emitting diodes' and lasers,2 two-dimensional electron gas field effect transistors (2DEG-FETs),3 and strained-layer superlattices (SLSS)4.5 with excellent performance. These advanced structures consist of very thin active layers epitaxially grown on appropriate substrates. When the epilayer has a different lattice constant from the substrate, a misfit strain is generated. Since the epilayer is typically much thinner than the substrate, the strain can be accommodated elastically, plastically, or by a combination of the two. The elastic strain (E) is expected to have strong effects on the electrical 6 • 7 and optical 8 properties as well as the energy band gap Eg of the materials.
•
10 Biaxial stress is expected to split the valence-band degeneracy, as shown in Fig. 1 , by producing anisotropic deformation of the crystal lattice. The asymmetry produced in this manner is similar to that produced by an externally applied uniaxial stress and. is expected to have qualitativel.y the same effect on the energy band gap and the valence-band splitting. 'I The band. gap of the strained layer will be larger than that of the unstrained layer when under compression, and smaller under tension. Furthermore, the band-to-band recombination process in these layers should change from a transition involving conduction and light-hole valence bands (e, ~h) in compression to a transition involving conduction and heavy-hole valence bands (e, V hh ) in tension. The magnitude of dE g / dE will be different in tension than in compression. Olsen et al. 9 have reported the band-gap energy shift of Ga x In, _ x P grown on GaAs by vapor phase epitaxy (VPE). Asai et al. ' 
EXPERIMENTAL PROCEDURE
The Ga x In I _ x As and Ga x In I _ x P epilayers used in this study were grown by OMVPE 12. \3 using trimethylgallium, trimethylindium, and AsH3 or PH). The thicknesses are between 1 and 1.5 jtm. Solid composition was determined by standard x-ray diffraction measurements performed on the (400) plane. Double-crystal diffraction measurements were performed on a few samples. PL spectra were measured using a Spex 1/2 m spectrometer and a Ge pi-n detector cooled to 77 K. The signal was amplified by a conventional lock-in amplifier. Dislocation density was determined using the aqueous solution of Cr30-HF reported by Weyher et al.
14 The solution was found to be useful for revealing dislocations in Ga x In I _ x As epitaxial layers. The rate of etching of the Ga x Inl _ x As for the composition of 3CrpIHF/2H 2 0 carried out under He-Ne laser illumination at 0 ·C was found to be 1.25 jtm/min.
EXPERIMENTAL RESULTS
For the range of x studied with the lattice parameter nearly matching that of the substrate, any strain in the epitaxial layer will be elastic so that the lattice spacing of the epitaxial layer in the interfacial plane is assumed to be exactly equal to that of the substrate. However,lattice planes normal to the substrate are free to expand (or contract), due to the Poisson effect, producing a tetragonal distortion in the epitaxial layer. The measured lattice constant a 1 is that perpendicular to the substrate. The lattice mismatch (.1 a 1 = a lepi -a lsUb) between the layer and the substrate is measured by conventional x-ray diffraction measurements. In order to obtain data with acceptable precision, only samples with the epilayer x-ray peak clearly resolved from that of the substrate were used. The GaAs concentration x was determined from a s . f .' the lattice constant of the strain-free epilayer, using Vegard's law. For the (1 (0) substrate, the misfit strain (t" = ..1a •. f.laO Figs. 2 and 3 that all of the samples grown in this study are in tension with c (misfit strain) .;;;;3.5 X 10-3 • The highest-quality Gaxln1_xAs layers are routinely Ga rich. The results indicate that the band-gap energies of the strained layers as determined by PL are systematically smaller than those reported for unstrained layers with the discrepancy increasing with larger strain. The etch pit dislocation count revealed that the Gaxln, _xAs layers with «,.;;;;2.5 X 10-3 had less than 5 X 103/cm2 dislocations. This relatively small dislocation density can relieve only a small fraction ( -6%) of the misfit strain; hence, it is reasonable to assume that most of the misfit strain is accommodated elastically. The theory of Pikus and Bir l8 has been adopted by Cardona and co-workers 19.20 to calculate the band-gap splittings and shifts of semiconductors under uniaxial compression. This theory was also used by Asai et al. 10 to calculate the band-gap splitting of Gaxln,_xP grown on (001) GaAs due to the biaxial stress normal to the growth direction. The calculated energy differences between the conduction and valence bands, at k = 0, were given as
Both equations neglect higher than first-order terms in strain. Using the numerical values listed in Table I , Eqs. (4) and (5) that the band-gap shift is due to the effect of tensile stress.
Considering that the parameters used in the calculation of .1Ehh were mostly measured at room temperature and might be expected to have about 20% uncertainty, the agreement between theory and experiment is remarkably good. In Fig.  5 the data for indium-rich GaxIn, -xP, which results in compressive strain in the epitaxial layer, were obtained from Asai et al. 1O The different dependency of energy-band-gap shift for compressive and tensile strain reveals that the bandto-band recombination process changed from (e, V;h) to (e, V hh ). This result is similar to the effect of high pressure on the AixGa l _ x As-GaAs MQW laser diodes which revealed different magnitudes of dEg/dP for (e,V 1h ) and (e,V hh ) as reported by Kirchoefer et al. 22 In this case, the splitting of the valence-band degeneracy was caused by the quantummechanical size effect. The results of the present work and 
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that of Asai et al. 10 both fit well with the calculated values in tension and in compression. However, they do not give the same band-gap energy for the layer with zero strain. The discrepancy of about 10 me V is at present unexplained.
CONCLUSIONS
In this study, we demonstrate the effect of mismatch strain on energy band gap in two III-V alloy semiconductors, GaxIn1_xAs and GaxIn1_xP' The biaxial strain was caused by lattice parameter mismatch between epilayer and substrate. The misfit strain and the concentration x were determined from the (400) x-ray diffraction determination of the perpendicular lattice constant a l ' assuming the mismatch was accommodated elastically. The energy-band-gap shifts were determined by comparing PL peak energies with the best experimental relations of band gap versus composi- 
